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ABSTRACT 
Tin oxide, indium oxide and indium tin oxide (110) films are extensively used inapplications 
where a high electrical conductivity and good optical transmission in the visible region 
are required. Highly conducting, transparent fluorine doped tin oxide films were prepared 
on glass substrates by spray pyrolysis employing SnCIz instead of the commonly used 
SnCI,. A systematic study on the spray pyrolysis conditions, optical and electrical 
properties of the films obtained, the influence of air and vacuum anneallng of the fllms on 
their properties and also surface topography studies are presented. 
Tin oxide (SnOl), indium oxide (ln203) and mixtures of the two, 
commonly called indium tin oxide (ITO) have their lowest electrical 
resistivity in the range of 10-8 ohm-cm [ I  1. The optical transmission 
of the layers is spectrally dependent. SnO2 shows ultraviolet 
absorption for low wavelengths, its band gap being about 3.6 eV. 
It reflects to the extent of about 90% in the infrared region. These 
properties make SnO2 or IT0 films useful in applications where o 
high electrical conductivity, good optical transmission in the visible 
region and/or good reflective properties in the infrared region (or 
any combination of these properties) are required. 
These oxide films have some advantages over metallic films since 
the former are stabler and harder and show greater adhesion of 
many substrates. Thin metallic films (< 10 nm thick) though 
highly transparent are quite fragile, while the oxide films are not 
SO. 
High electrical conductivity, transmission in the visible region and 
reflective properties in the infrared region shown by SnO2 and 
IT0 films are useful in solar cell applications 12-61. Their infrared 
reflective nature is useful in flat plate collector technology [7-91. 
SnO2 and IT0 material find use in glazing units employed for 
increasing the thermal insulation of buildings [10,11 1. They are 
also used as transparent heating systems in digital displays and 
light emitting devices. 
The authors ore interested in preparing highly conducting, 
transparent SnO2 films on glass to produce a good ohmic substrate 
for photoactive layers of cadmium chalcogenides. Besides bang 
useful as ohmic contacts, Sn02 substrates facilitate fabrication of 
backwall illuminated photoelectrochemical (PEC) cells, because of 
their transparent nature to visible rediation. The backwall illuminated 
PEC cells suffer less attenuation as the light energy does not have 
to pass through the electrolyte solutions to reach the photwctive 
electrode. As an additional advantage, the infrared reflective 
properties of the SnO2 films prevent the cell heating effects 
considerably. 
These oxide films are known to have complex structures and films 
of high perfection are difficult to make. The physical properties of 
the films hove been found to be strongly dependent on the 
conditions of preparation [ I  1. 
The methods of preparation include spray pyrolysis [12,14], 
chemlcal vapour depos~t~on (15-1 81, sputterlng methods [19-21 1 
and thermol evaporation [22,231. 
The present work was performed with spray pyrolysis on glass 
substrates. Conditions have been optimized for the production of 
satisfactory SnO2 layers for use as conducting contacts for 
photoactive layers of cadmium chalcogenides. 
Spray pyrolysis of SnO2 is performed mainly by the use of tin. 
chlorides. Undoped 5n02 films show extrinsic conduction of the 
n-type which is caused by the presence of Sn? f ions associated 
with oxygen vacancies. The residual CI- ions from the mode of 
preparation also acf as electron donors. This unintentional 
doping usually occurs when tin chlorides are used in the preparation 
of~the films. The extrinsic conduction of SnO2 is thus a result of 
both. Electrical conductivity in the range of 102 to 103 ohm-' cm-1 
has been reported for undoped films 11 3). 
Doping with Group V elements (for e.g. 1 mole percent of 
antimony) markedly increases the quasi-free electron concentration' 
[13,24,25]. The pentavale;it Sb atoms are assumed to go into Sn, 
sites (SbSn) giving rise to quasi-free electrons: However, high 
concentration of Sb (- 20 mole %) has been found to raise the 
resistivity by ten orders of magnitude (1 31. This is attributed to a 
loss in crystallinity, the films behaving like typic01 amorphous 
materials. 
Fluorine too increases the quasi-free electron concentration in 
Sn02. It is probably in o substitutional position as Fo [261. The 
increase in carrier concentration is found to be in accordance with. 
a controlled valency mechanism. Large quantities of fluorine 
have been reported to result in a decreose in conductivity 127). 
The inclusion of chlorine impurity also accounts for the high 
electrical conductivity of Sn02 films. Chlorine may be incorporated 
either substitutionally as CIo or interstitially, but only part of the 
chlorine incorporated supplies conduction electrons (28,291. 
The use of SnC1.i as the main substance employed in the spray 
pyrolysis preparation of Sn02 films is wellknown. Relatively very 
little work on systematic spray pyrolysis experiments with SnCl2 
as the main ingredient is available. In this paper are presented 
the results on the suitability of employing SnC12 as the main 
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ingred~ent. Also doping with fluorine and a mixture ot fluori-ne 
and chlorine IS exam~ned with SnCI2. SnCl2 has the advantage of 
being less expensive than SnC14. It is also less pungent and easier 
to handle and holds promise as a good substttute for SnC14 in the 
spray pyrolys~s mode of preparation of SnO2 ftlms. 
EXPERIMENTAL 
The spray medium was mainly a dispersion of the ingredients 
SnC12.2H20 and NH4F.HF in rectified spirit. The spray nozzle 
was kept at a distance of 30 cm from the near end of the heater 
bearing the substrates. The temperature of the substrates was 
monitored by a thermocouple placed close to them. 
~ h k  spray pyrolysis was conducted at 6000, 450° and 500°C 
and using different concentrations of the spray solution. Doping 
with fluorine (using ammonium bifluoride) and with a mixture of 
fluorine and chlorine (using ammonium bifluoride and ammonium 
chloride) was studied. 
The surface resistances of the samples prepared at a temperature 
of 450°C were generally among the lowest and this temperature 
of deposition appears to be the best under the conditions of 
experiments presented here (i.e. considering the design and size 
of the hot chamber, nozzle size and distance between the nozzle 
and the heater). 
RESULTS A N D  DISCUSSION 
Figure 1 shows the variation of the resistivity of the films with the 
variation of the concentration of SnCl2 in the spray solution with 
a constant amount of 1 % NH4F.HF as the doping agent. 
Fig. 1 : Film resistivity as a function of concentration of SnCl2 
In the region of 40-6096 SnCl2. with 1% NH4F.HF and at a 
substrate temperature of 450°C, resistivities as low as 1.8 X 109 
ohmtm of the films could be obtained. Figure 2 represents the 
same study with variation in surface resistance values. 
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Fig. 2 : Variation of surface resistance of film with concentration 
of SnCI2. 
The lowest in the range of concentration of SnCl2 which yields 
plates of low electrical resistance is about 40%. The effect of 
variation of the concentration of NH4F.HF in this concentration of 
SnCh is shown in figure 3. 
Fig. 3 : Effect of variation of concentration of NH&.HF on 
surface resistance. 
The decrease in the surface resistance is remarkably proportional 
to the concentration of NH4F.HF. Higher concentrations of 
NH4F.HF than about 1 % are not practicable on account of the 
low solubility of NH4F.HF. 
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It has been found that sequential deposition of the layer results 
in about 10% reduction of surface resistance. Thus, in a 30 spray 
run, cleaning the plates after every 10 sprays and continuing the 
deposition, yielded films with a lower surface resistance than 
those deposited by 30 sprays without break. This may be due to 
a higher thickness obtainable by sequential deposition as a result 
of a clean surface available for deposition at intervals. On a 
clean surface, the deposit is more adherent and the final cleaning 
operation before use removes less of the uppermost loose layer 
(loose because of the trapping of occasionally formed lumps of 
Sn02) resulting in a higher thicknessof the deposit and thereby 
ensuring a smaller resistivity. 
High optical transmission is on important requirement for backwall 
illuminated electrodes and the SnO2 contacts for the photoelectrode 
material should be highly transparent. The optical transparency 
of the layers has been studied with the concentration of SnC12 in 
the spray solution. Referring to figure 4, the transmission values 
follow the same pattern for different regions of the visible spectrum. 
Fig. 4 : Transmission spectrum of films obtained with different 
SnCI2 concentration 
For reasonably good surface resistance values (1 2.5 ohm/sq to 
16.9 ohm/sq), the maximum transmission values range from 44 
to 58% for a wavelength of 700 nm, 36 to 52% for 600 nm and 
26 to 42% for 500 nm. 
Though optical transmission is high in SnOn obtained with low 
SnCh contents in the spray solution fig. 4, the films show high 
electrical resistance. So, to obtain high transparency coupled 
with low surface resistances, a compromise has to be struck as 
regards the concentration of the SnC12 to be used in the spray 
solution. 40 to 50% of SnCh'appears to be a compromise, 
considering the requirements of transparency and electrical 
conductivity. 
Figure 5 shows the effect of adding NH4F.HF to a solution of 40% 
SnC12 on the optical transmission of the layers. 
700 nm 
aoo nm 
500 nm 
CONCN OF MHbF.HF ( I . )  
Fig. 5 : Transmission spectrum of films obtained by varying 
NH4F.HF concentration ot 40%SnCl2. 
The transmission values reach a peak around a concentrat~on of 
0.75% NH4F.HF. Figure 6 shows that slightly higher transmission 
can be obtained by adding NH4CI to a solut~on containing 40% 
SnCl2 and 1 % NH4F.HF. 
comn w nq&cl (.I.) 
Frg. 6 . Transmrssion spectrum of f~lms wrth varratrons i n  the 
concentratron of N H L I  rn the spray solutron c6ntarnrng 
40Y0.SnCl2 and 1 % NH4F HF 
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Though the two concentrations are not the best ones as regards 
transparency, they are the best ones if electrical conductivity is 
the preferred criterion, as for example, in a frontwoll illuminated 
PEC cell. 
It has been reported that Sb doped films of SnOz on air-annealing 
at 600°C have registered a decreaseof resistivity by nine orders 
of magnitude during the first hour of heot treatment [13]. A 
decrease in resistivity has also been noted on heat-trec~tment of 
Sn0z films at 400°C in air 1301 and no explanation has been 
given for this behaviour. Contrary results have been obtained by 
'the present authors on air .annealing Sn0z films doped with 
fluorine. Figure 7 shows the rising trend of the surface resistance 
of fluorine doped films with time of airannealing at 40 °C  for 
different durations. 
Fig. 7 : Effect of air annealing on surface resistance. 
Through the increase is considerable, it is not by orders of 
magnitude. It can be visualized that heat-treatment in air has the 
inevitable effect of oxidation of the film, thereby removing the 
oxygen vacancies. Thus the Sn0z films tend towards greater 
stoichiometry, which transition could explain the rise in the resistivity 
on heat-treatment in air. But the presence of fluorine as dopant 
ensures a reasonable conductivity of the films, the mechanism 
unaffected by air-annealing. Undoped SnOz films, when heat- 
treated in air have been shown to increase in resistance enormously 
1131. 
It is wellknown that during annealing, there is a transition from 
the amorphous to the crystalline state: simultaneously there is an 
increase in grain size also. These are factors which reduce carrier 
scattering resulting in an increase in conductivity. The f a d  that 
there is no decresae but onl'y an increase in resistivity on air 
annealing the Sn0z films might also suggest that the films are 
already considerably crystalline in nature. The rise in the resistivity 
may therefore be attributed to  0 2  incorporation (during air- 
annealing) in the Sn0z material making it more stoichiometric. 
'When annealing is done in vacuum, the removd of chemisorbed 
oxygen takes place. SnO2 is pushed to greater non-stoichiometric 
compositions which explains the reduction in resistivities as observed 
in the samples of the present study of vacuum annealing. Figure 
8 shows the percentage reduction in surface resistance achieved 
with the duration of vacuum annealing at a temperature of 
50 °C  around 2 X 10-5 torr. 
HIGH RESISTANCE 
M LOW RESISTANCE 
I I I I I 1 - 
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Fig. 8 : Effed of vacuum anneulrng on surface resistance. 
The curves show that the electrid rksistance of the films decreases 
with the duration of annealing. The percentage reduction increases 
with time of annealing upto a certain point and then decrea%s. 
Removal of oxygen results in greater nonstoichiometry and 
higher conductivity. Vacuum annealing treatment is known to 
cause a transition to  the crystalline state from the amorphous. 
The fraction of the material undergoing such transition will vary 
i n  direct proportion to the duration ofamealing. The general 
continuous decrease in the resistance of the sample with the 
duration of anneoiing may be attributed to the progressive tronsi t i i  
to crystallinity. The larger reduction in resistance in the initial 
stages may be the reason for the initial fast change, foilowed 
after a certain stage, to a slow change of the material in the 
interior. The reduction in electrical resistance by vacuum annealing 
is markedly seen in the case of high resistance films. 
The dependence of surface resistance and optical transmission of 
the films on the temperature of formation are brought out in 
figures 9 8 10 respectively. 
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Preprotton of t h ~ n  f~lrn tronoporent tin or& cnnc'vc!ing ronto. t ,  
Surfoce morphology was observed by SEM a: mogn~l~cot~on u p l ~  
6000X In the secnndory electron e m ~ s s ~ v ~  mode The SEM 
pctures are ~ho~zrn  i n  f~gures 1 1  and 15 
of ! h ~  5n07  fdm was attempted by r;cann~no ~ l r c : : i ~ -  m1,: r0~3py 
(SEM). 
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f ~ q  12 ' SEA4 ptcture ot tin oxrde frlm obtotned wtth 40% SnCI2 Fig 13 . SEM prcutres of ttn oxrde frlms formed w l th  40% SnCIz 
ond P 5% NHoF HF and 1 %  NH4F.M as rnvorronts and (4)  0 25% NH4CI. 
(b) 0 75% NHoCI, (c) 1 %  NHAC/ 
13 (a) 
Frg 14 SEM p~ctures of  t ~ n  ox~de hlnl \ublerred tn orr unneoltng 
:n!  before a,r onneal~ng (b) offer o1r onneoltng 
Krrshnokumar et crl. - Preporohon o f  thin hlm tronsporent hn ox~de conductrng contacts 
1s (b) 
They reveal a fine grained surface. The bright spots In a few 
pictures ore unknown non-conductive impurit~es included during 
the process of preparation of the f~lms. 
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